Abstract: Based on currently available data from site measurements in the Shenhu Area of the South China Sea, methane hydrate dissociation behavior by depressurization is studied in a one-dimensional experimental apparatus. According to time variation of temperature, resistance and gas production, the hydrate dissociation process is divided into three stages: free gas release, rapid dissociation and gradual dissociation. The experimental results show that as the hydrate saturation increases the proportion of hydrate decomposed decreases in the rapid dissociation stage. The hydrate dissociation rate and the dissociation heat increase as the dissociation pressure decreases. Furthermore, the decrease of the dissociation pressure works against the secondary formation of the hydrate.
Introduction
Natural gas hydrates (NGH) are non-stoichiometric crystalline inclusion compounds, formed from the reaction between natural gas and water under a certain temperature and pressure [1] . Natural gas hydrate reservoirs have been found in permafrost and marine sediment distributed all over the Earth. However, how to exploit gas hydrates with safe, effective and economical methods is still being pursued [2] [3] [4] . The suggested methods being explored for hydrate production mainly include depressurization [5] [6] [7] [8] [9] [10] , thermal stimulation [11] [12] [13] [14] [15] and inhibitor injection [16] [17] [18] [19] . Recently, other methods such as CO 2 replacement [20] [21] [22] , gas lift [23] , and huff and puff method [24] have been the focus of researchers. Among the various methods, depressurization is considered the most promising technique for producing gas from methane hydrate reservoirs [5, 13, 16] .
Experimental and numerical investigations on NGH dissociation by depressurization have been reported [5] [6] [7] [8] [9] [10] . Yousif et al. [7, 25] performed hydrate dissociation experiments induced by depressurization at ice point in Berea Sandstone cores, and then proposed a moving boundary model of the dissociating front. The one-dimensional model assumed that the entire system was under isothermal conditions, and it was proved to fit to the hydrate dissociation measurements. Hiroyuki et al. [26] expressed the dissociation model as a function of heat transfer and mass transfer, and the heat transfer from the surroundings was regarded as the dominant factor. The model, which was evaluated using several depressurization experiments under various production pressure conditions, was demonstrated to be able to predict the characteristics quantitatively during the gas production process from cores. Chuang et al. [27] used a one-dimensional linear model suggested by Makogon to present a parametric study of natural gas production in a confined reservoir by a depressurization well. The results of the study showed that the gas production rate was a sensitive function of well pressure, reservoir temperature and zone permeability. Sun et al. [28] developed a non-isothermal one-dimension simulator to simulate two cases of gas production from sediments by depressurization, and found that laboratory-scale experiments were generally dissociation-controlled, but the field-scale processes were typically flow-controlled. Kono et al. [29] studied the dissociation kinetics of the hydrate decomposition within various custom-design porous sediments by the depressurizing method, and concluded that the dissociation rate was related to sediment properties. However, till now there are no reports on hydrate formation and dissociation with free gas by depressurization.
Based on currently available data from site measurements in the Shenhu Area of the South China Sea [30, 31] , in this work the hydrate formation and dissociation with free gas by depressurization using a one-dimensional experimental apparatus is studied to discuss the effect of initial saturation and dissociation pressure on gas production.
Experimental Section

Experimental Apparatus
The schematic of the experimental apparatus in this work is shown in Figure 1 . The hydrate vessel, as the most important unit, is immersed in a constant temperature water bath with the control range from −15 to 30 °C and an accuracy of ±0.1 °C. The vessel is made of 316 stainless steel, with a pressure rating up to 25 MPa. The inside of the vessel is cylindrical, with a diameter of 38 mm and a length of 250 mm. Four resistance thermometers (Pt100, −20-200 °C, ±0.02) and four pairs of electrodes are placed at 5, 75, 145 and 215 mm from the inlet, and placed on the inner surface of the vessel, are used for measuring the temperatures and resistances of four parts of the vessel. Two pressure transducers, (TRAFAG 8251, 0-25 MPa, ±0.1%), are equipped to measure the inlet and outlet pressures. The boost pump and compressor help to pump methane gas with a purity of 99.9% from a gas cylinder into the gas container through a gas filter. The gas container can supply gas for the vessel with the help of a proportional integral derivative (PID) controller. The metering pump helps to inject liquids with the flow range of 0-9.99 mL/min. A backpressure regulator (the pressure range of 0-30 MPa, ±0.02 MPa) connected to the outlet of the vessel is used to control the pressure of the outlet. The gas and water produced from methane hydrate are separated by the water/gas separator, and then they are measured at atmospheric pressure by using a gas meter and a balance, respectively. The gas meter is D07-11CM, 0-10 L/min, ±2%, from Seven Star Co. The balance is a Sartorius BS2202S, 0-4200 g, ±0.01 g. Time variations of temperature, pressure, gas and water volumes produced are recorded by the data acquisition system. 
Preparation of the Methane Hydrate Samples
The results from the Shenhu Area show that the pressures of hydrate layer are in the ranges of 12.7-14.6 MPa, temperatures are in the range of 8.6-16.2 °C, sediment porosities are in the range of 33%-48%, and hydrate saturations are in the range of 1.0-47.3% with an average value of around 22%. In this work, the experimental information, such as pressure, temperature, saturation, porous media, are totally in accordance with the Shenhu Area. Dry sands with the size range of 300-450 μm are tightly packed in the vessel, with a porosity of approximately 48%. The vessel is emptied twice to remove the residual air and other impurities. Then, deionized water is injected into the vessel by the metering pump. After the temperature of the water bath is set to a predetermined temperature required for the gas hydrate synthesis, which is 9.0 °C in the current research, methane gas is injected slowly into the vessel until the pressure in the vessel reaches approximately 20 MPa, which is sufficiently higher than the equilibrium hydrate dissociation pressure in the sediment at the working temperature of 9.0 °C. After that, the vessel is closed as an isochoric system to form the hydrate samples. The formation process lasts for 7-15 days until the pressure and hydrate saturation in the vessel corresponds to the geological data of gas hydrate deposits in the South China Sea. During the formation process, the temperature, pressure and resistance in the vessel are recorded at 5 min intervals.
Depressurization Dissociation
The hydrate dissociation by depressurization is carried out in the following procedure: first, the pressure setting for the backpressure regulator is slightly higher than that in the vessel. Then the outlet valve is opened, and the backpressure regulator is turned down to make the outlet pressure decrease gradually to a predetermined pressure (dissociation pressure). At that pressure, the dissociation of the hydrate lasts until there is little gas released. During the entire dissociation process, the temperature, pressure and resistance in the vessel, the gas and water production are recorded at 10 s intervals. After the dissociation process, the system pressure is gradually vented to atmospheric pressure.
Results and Discussion
As shown in Table 1 , six experimental runs are chosen to investigate the effect of hydrate saturation and production pressure on hydrate dissociation. Runs 1-3 are conducted at different saturations, and Runs 4-6 are conducted at different dissociation pressures. Using the fugacity model of Li et al. [32] , the equilibrium hydrate dissociation pressure in the sediment at the working temperature of 9 °C is calculated, and the calculated value is 6.5 MPa. Thus the dissociation pressure of the former three runs is set at 6.0 MPa which is slightly lower than the equilibrium pressure. The hydrate saturation is calculated according to the mass balance. The volume of the water and gas before hydrate formation is equal to the total volume of water, gas, and hydrate after hydrate formation, as expressed in Equation (1): The volume of gas is calculated by the pressure and temperature in the vessel using the P-R Equation. Before using P-R Equation, it assumes that there is 5.75 mol of water in 1 mol of methane hydrate, and the density of methane is 0.94 g/cm 3 and water in the vessel is incompressible.
The hydrate samples with different saturations for production model are obtained by injecting same volumes of methane, while stopping the hydrate formation process at different pressure. A similar tendency of dissociation characteristics is achieved in all experiments. To investigate the production behavior, Run 1 is the reference case in this study. Figure 2 shows time variation of five parameters such as: (a) pressure profiles, (b) production rate, (c) temperature profiles, (d) resistance profiles, (e) cumulative gas production in run 1. Due to the fact hydrate dissociation is an endothermic reaction, the temperature variation can be used to characterize the process. The resistance can be used to characterize the change of the gas hydrate reservoir [33] . Because the resistivity of gas hydrate is greater than that of water, with the dissociation of the hydrate the resistance decreases. The temperatures and resistances at four points change almost simultaneously because of the high permeability and length limit of the porous media in the experiments induce that the hydrate dissociates identically at each point in this vessel, and it further indicates that the effect of gas flow during production process can be ignored.
As shown in Figure 2 , the process of the hydrate dissociation induced by depressurization in this work can be divided into three main phases:
(1) Phase 1: free gas release process. With depressurization, the free gas is released at first, then temperatures and resistances decline slightly, while the gas production increases sharply. About 40% of the cumulative gas is produced in this section. (2) Phase 2: rapid hydrate dissociation process. When the pressure drops rapidly to 6 MPa, the gas production rate increases suddenly, while temperatures and resistances simultaneously decrease sharply. The drop of the temperature accompanies with that gas production rate increases suddenly and the curve of the cumulative gas production rises sharply. Then, temperatures increase gradually because of the heat transferred from the water bath. Meanwhile, the resistances drop continuously, and this indicates that the hydrate keeps dissociating. About 40% of cumulative gas is produced in this phase. (3) Phase 3: slow hydrate dissociation process. Gas production is unconspicuous in this phase.
Temperatures and resistances display few changes, and the curve of the cumulative gas production tends to flatten. About 20% of cumulative gas is produced in this section, and the phase lasts for a long time.
According to the work on kinetics of methane hydrate dissociation by Kim and Bishnoi [34] , the driving force for hydrate dissociation is the pressure difference between equilibrium pressure and dissociation pressure. The equilibrium pressure decreases as temperature drops, which leads to a decrease in the driving force. As shown in the curve of the cumulative gas production, gas production increases rapidly during Phase 2. The hydrate dissociation consumes the heat in the core rapidly, causing the temperature to decrease sharply. Subsequently, the decrease of the dissociation driving force induces the decrease of the gas production rate. Then the temperatures recover to the surrounding temperature because the heat transferred from the surroundings exceeds that consumed for decomposition, and it leads to a gas production rate rise again with the increase of driving force. Thus, the curve of cumulative gas production increases rapidly, then slows down, and then rapidly increases again in Phase 2. In Phase 3, the hydrate production rate decreases due to the hydrate becomes less and less. Figures 3-5 show changes of temperature, pressure, and the cumulative gas production with time for Runs 1-3. Because the temperatures at four points change almost the same, the temperature of the fourth point is used for describing the system temperature in the last discussion. The amount of cumulative gas is almost the same in the three runs. Thus, the higher saturation means there is less free gas in these experiments. The quantities of gas produced during different sections are shown in Table 2 . Gases produced in Phases 2 and 3 are totally from the hydrate dissociation. During Phase 2, 67% of the hydrates dissociate in Run 1, 75% in Run 2, and 83% in Run 3. The minimum temperature-drops which are caused by endothermic dissociation are all 8.8 °C in these three runs. Additionally, the run with the higher saturation takes more time for the temperature recovery. Therefore, the figures also shows that as the saturation increases, the proportion of hydrate dissociating during Phase 2 will decrease. Thus, it leaves more hydrates dissociate in the third phase with slower rate, and additionally the well temperature recovers slowly. From the above discussion, the hydrate will take a long time to dissociate if it is produced at high saturation and high pressure. In a field-scale reservoir, it might be difficult to fully exploit hydrate only by depressurization. The dissociation rate decreases as the temperature drops caused by hydrate dissociation, while it increases as the temperature rises caused by reduction of heat consumption for dissociation. Therefore, in a field-scale reservoir, it can be suggested that if the hydrate production process by depressurization is into its Phase 3, the production behavior should stop. It is also suggested that the production should restart after the temperature rises back by heat transfer from the surroundings.
Corresponding to Runs 4-6, Figures 6-8 show changes of temperature, pressure, and the cumulative gas production with time. The hydrate saturation and the amount of free gas are close in these three runs. The minimum temperature is 8.4 °C in Run 4, 8.5 °C in Run 5, and 8.8 °C in Run 6, and the temperature rises back slowly in sequence. This indicates that the temperature-drop increases as the dissociation pressure decreases. With the pressure drop, the temperature drops correspondingly. Because a pressure drop leads to the hydrate dissociation, the heat in the core is consumed, thus the temperatures in the vessel drop. Furthermore, a large temperature drop enhances dissociation zone heat absorption from surroundings, therefore the temperature recovers quickly in the experiments with low dissociation pressure.
In Phase 2, more than 95% of the hydrate dissociates either in Run 4 or Run 5, while only 70% in Run 6. Compared to the differences of dissociation characteristic between Run 5 and Run 6, the difference between Run 4 and Run 5 is obvious. The enhancement of the driving force resulting from decreasing pressure can increase the dissociation rate to further shorten the reaction time. However, the trend is more prominent when the dissociation pressure decreases from 6 MPa to 5.5 MPa. Under the condition of 6 MPa, due to the fact the heat for hydrate dissociation in the core is less, and the low temperature difference between the dissociation zone and surroundings is negative for the heat transfer, thus, the dissociation rate slows dramatically. Additionally, when the dissociation pressures are decreased to 5.5 MPa and 5.0 MPa, respectively, the temperature rises slightly before it drops sharply. A similar phenomenon has been reported by Kneafsey et al. [35] and the slight rise of the temperature is caused by forming the secondary hydrate before dissociation in depressurization experiments. Because the pressure in the reactor is still higher than the equilibrium hydrate dissociation pressure during this period, the secondary hydrate formation is a result of the water flow. It is attributed to the fact that, in the formation process before the beginning of the hydrate dissociation, as the forming hydrate gradually increases, the formerly forming hydrate adsorbs and encases some water, and thus, this hinders the contact of methane gas with the enclosed water for further hydrate formation. This phenomenon is called the "Loricae Effect" [36] .
However, in the depressurizing process for the hydrate dissociation, the water encased in the hydrate is driven out to be free water flowing toward the outlet under the effect of the driving force. This flowing free water contacts methane gas in the sediment to form the hydrate again, causing the rise of the system temperature as a result of the effect of the heat released from the hydrate formation [37] . However, the phenomenon is not clear at the condition of 6.0 MPa. It is indicated that the decrease of dissociation pressure may aggravate the secondary hydrate formation. 
Conclusions
Methane hydrate dissociation caused by depressurization has been studied based on geological data of the Shenhu Area in this work. Time variations of pressure, temperature, resistance and cumulative gas production during the depressurization process are gathered to indicate the dissociation characteristics, and the effects of different hydrate saturation and dissociation pressure on methane hydrate dissociation have been discussed. The following conclusions have been reached:
(1) The experimental process of hydrate dissociation induced by depressurization can be divided into three phases. The first one is the free gas release phase. In this phase, the gas production increases sharply, temperature and resistance decrease slightly as depressurization occurs. The second one is the rapid hydrate rapid dissociation phase. In this phase temperature and resistance decrease sharply at the beginning, then temperature recovers gradually because of the heat transfer, while resistance goes down gradually, and the production rate is large. The third one is the slow hydrate dissociation phase. In this phase, temperature and resistance experience few changes, but the gas production increases slowly. (2) The initial hydrate saturation can affect the amount of hydrate dissociation in the different phases. It shows that as the saturation increases, the proportion of hydrate dissociating during the rapid dissociation phase will decrease, thus, it allows more hydrates to dissociate in the third stage with slower rate and the temperature recovers slowly as well. (3) The dissociation rate increases by lowering the dissociation pressure, and this tendency is more apparent when the dissociation pressure approaches the equilibrium. At a lower dissociation pressure, more heat in the core can be applied for dissociation. Moreover, the dissociation pressure can also affect the temperature-drop during the hydrate dissociation process. Furthermore, the decrease of dissociation pressure may negatively affect the secondary hydrate formation.
